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ATTACHED AND SEPARATED BOUNDARY LAYERS ON HIGHLY COOLED,, 
ABLATING AND NONABLATING MODELS AT M = 13.8 
By Donald M. Kuehn and Daryl J. Monson 
Ames Research Center 


SUMMARY 


Separated and attached flows were studied on ablating and on nonablating 
models at M = 13.8. Two types of axisymmetric models were tested: 
l) cylinder -flare models with conical and hemispherical noses, and 2) blunt- 
faced base-flow models. The boundary layers on these highly cooled models 
(i.e., T v « T s t) "were generally laminar, but in a few cases appeared to have 
been transitional. The Reynolds numbers were very low; thus the viscous 
layers were extremely thick. Nonablating models were used to study effects 
of Reynolds number and model geometry on separation and to examine incipient 
separation conditions at low Reynolds numbers. Effects of ablation were 
determined by comparison of experimental data from ablating and nonablating 
models. The flows were studied with the aid of pressure distributions, sur- 
face oil accumulations and streaks, burn patterns, and photographs of the 
flow about the models. 

The two most significant results for the nonablating models were 
associated directly with the very low Reynolds number of the tests. Large 
turning angles with no separation were observed for the thick, highly cooled 
laminar boundary layers. The present experiments show, as do some previously 
published data, that as Reynolds number decreases the extent of laminar sepa- 
ration also decreases. At the lower Reynolds number, the flow was completely 
attached to a b^° compression corner. The second phenomenon associated with 
this low Reynolds number was the merging of the viscous layer and shock wave. 
This is believed to have caused the decrease in surface pressure ratio for 
the attached flows as Reynolds number was decreased. (For thinner boundary 
layers where the growth of displacement thickness predominates, a decrease 
in Reynolds number causes surface pressures to increase.) 

Ablation influenced surface pressures and boundary -layer transition in 
some cases, but generally had very little influence on the extent of laminar 
separation. Photographs showed that the ablation gases deeply penetrated the 
flow fields about the test models. Nose ablation had no influence on the 
extent of laminar separation, but flare ablation increased the extent of sep- 
aration slightly. Surface pressures were increased by nose ablation in 
regions of attached flow as a result of a growth in displacement thickness 
beginning near the nose of the model. Flare ablation caused a further 
increase in pressures as a result of an increase in extent of separation and a 
thickened shock layer. On the cone -cylinder -flare models at high Reynolds 
number, ablation appeared to have reduced the transition Reynolds number. 



PRODUCTION ' 


Predicting boundary-layer separation on entry vehicles continues to be a 
problem because theoretical methods are generally inadequate, and appropriate 
experimental data are limited. Some experimental results for axisymmetric 
models describe the dependence of incipient laminar separation upon some of 
the important variables, such as Mach number, Reynolds number, and boundary- 
layer cooling (see, e.g., refs. 1, 2). One variable, not yet investigated, is 
the influence on separation of mass added to the boundary layer by ablating 
surfaces . 

The purpose of this investigation was to determine experimentally the 
gross effects of ablation on laminar boundary-layer separation by comparing 
the flow about ablating models with that for nonablating models. Since these 
experiments are intended to be useful in predicting separation, information 
on the attached boundary layer ahead of separation is also given (some of the 
present experimental results are included in ref. 3). Two classes of models 
were studied: cylinder -flare models with conical and hemispherical noses; and 

blunt -faced base flow models with converging afterbodies (similar to the 
Mercury or Gemini shape) followed by a cylinder to which the boundary layer 
can attach. Various flare and base angles were tested in order to span the 
conditions from attached flow to separated flow. The models were tested at 
zero angle of attack in a hypersonic test stream of low-density, arc-heated 
air. Three ablating materials were used to provide a variation of ablation 
characteristics . 
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area of nozzle cross section downstream of the throat 
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Reynolds numbers based on free-stream properties and on model 
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EQUIPMENT AND PROCEDURES 


Test Facility 

The experiments were run in arc-heated air at a Mach number of 13*8. 

The arc heater (shown in fig. l) is a commercially available Linde W-4000 
unit, which is essentially a scaled up version of the Linde Model 124 heater 
(ref. 4). The models were tested in the free- jet discharge from the 8° half- 
angle nozzle. Figure 2 gives the general layout and dimensions of the 
facility. 


Test Conditions 

The two reservoir conditions chosen gave a maximum range of Reynolds 
number. The upper limit was dictated by maximum permissible reservoir pres- 
sure, and the lower limit by boundary-layer growth that reduced the size of 
test core. Values of stagnation enthalpy varied as the reservoir pressure 
was changed. The nominal test conditions are listed in table I. The values 
of pressure, heating rate, and enthalpy are averages of the values for all 
runs at a particular condition and the deviations from these averages are the 
maximum due to a combination of instrument and tunnel repeatability. The 
other properties were determined from a nozzle-flow calculation using aver- 
age stagnation properties. Where properties varied longitudinally as a 
result of conical nozzle flow, the values are those at the average location 
of the model nose. (The variation in the location of the model nose in the 
test stream is discussed in following sections.) 

The stagnation enthalpy on the center line of the nozzle was calculated 
by means of the theory of Fay and Riddell (ref. 5)* Experimental measurements 
used in this calculation were pitot pressure and the time rate of change of 
the temperature of a thermally insulated copper slug (from which heating rate 
was derived) at the stagnation point of a hemispherical -nosed calorimeter. 

The temperature was measured with a Chromel-Alumel thermocouple fastened to 
the back of the slug. Reference 5 was used in conduction with the air trans- 
port properties of Hansen (ref. 6), stagnation-point velocity gradients from 
a correlation by Inouye (ref. 7 ) ) and vorticity interaction corrections of 
Cheng (ref. 8). In addition, a frozen boundary layer with a fully catalytic 
wall was assumed. 

An alternate calculation of enthalpy was made using the charts of refer- 
ence 9 for the sonic -flow method. On the average, the enthalpy from the 
sonic-flow method was higher than that obtained from the calorimeter mea- 
surements by 22 percent at the high Reynolds number condition and 14 percent 
at the low Reynolds number condition. These differences are reasonable in 
view of the approximations in the theories and possible experimental errors. 
The values of heating rate obtained from calorimeter measurements, shown in 
table I, are believed to be more appropriate to the present tests because 
they represent measurements taken at the model location, whereas the 
enthalpy from the sonic flow method is an average value over the nozzle 
cross section at the throat. 
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A computer program for nonequilibrium nozzle flow (ref. 10), together 
with measured stagnation properties, was used to calculate additional 
required stream properties. The values of Mach number and Reynolds number, 
shown in table I, correspond to the effective value of a/a* that was deter- 
mined from pitot -tube measurements. The theoretical center line static pres- 
sure in the nozzle is shown in figures 3 (a) and 3 (b) for the high and low 
Reynolds number conditions. The pressures are compared with the limiting 
cases of equilibrium flow and flow frozen in the arc chamber (frozen in vibra- 
tion and dissociation only). Although it is not obvious from figure 3> the 
calculations indicated that the test stream became frozen a short distance 
downstream of the nozzle throat. Other stream properties show a similar state 
of the gas. 

The temperature ratios given in table I were calculated. The lower value 
at each condition corresponds to the initial temperature of the model wall 
(approx. 290° K) ; the larger value corresponds to the maximum estimated final 
temperature of a nonablating model (approx. 400° K) . The stagnation tempera- 
ture was obtained from the results of the nonequilibrium nozzle -flow calcula- 
tion and the perfect-gas relationship for temperature rise across a normal 
shock. 


Surveys of pitot pressure and stagnation enthalpy in the test stream 
showed a core of nearly constant stream properties that was larger than any 
of the models for both test conditions (see fig. *0 . The survey also 
revealed a center-line axial gradient in p. /p. of about 4.7xl0“ 6 /cm at 

both conditions, which was not significant to these tests. 

Models 


The model shapes and dimensions are shown in figure 5* All model con- 
figurations were tested as nonablating models and as ablating models. 

The nonablating models were machined from copper and aluminum. In the 
model construction the volume of material retained was as large as possible to 
provide a heat sink so that the model temperature would remain low relative to 
the stagnation temperature. Hoses, flares (or bases) and cylindrical portions 
of the models were separate and interchangeable. A cylindrical section con- 
tained eight static -pres sure orifices (diam. = 0 . 063 d) spiralled around the 
circumference at intervals of b^° and spaced longitudinally at a distance of 
0.15d. To obtain data at various longitudinal locations, cylindrical exten- 
sions of different length were inserted between the cylindrical section con- 
taining the orifices and the nose section. The longitudinal location of the 
nose in the test stream varied by about 5 & as the length of extension was 
changed. 

Models were also tested with ablating surfaces as shown by the shaded 
areas in figure 5* The nonablating portion of these models was described in 
the previous paragraph. Conical and hemispherical ablating noses were 
machined from Teflon, Delrin, and phenolic nylon. The noses on the base 
model were made of Teflon and Delrin only. Ablating flares (9 = 4-5°) of all 
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three materials were made for the hemispherical-nosed model. This model was 
tested with an ablating nose only, and with an ablating nose and flare of the 
same material. 


Pressure Measurement 

The pressures measured were static pressure on the cylindrical portion of 
all models, pitot pressure at the nose of the nonablating blunt models, and 
arc-chamber pressure. The measured static pressures were not corrected for 
the longitudinal stream gradient, caused by the conical nozzle, or for pos- 
sible orifice effects caused by the low pressure and high temperature. 

These effects were not believed to be significant, primarily because pres- 
sure distributions were used on a comparative basis rather than on an abso- 
lute basis — all data at a given test condition for a specified model should 
be subject to nearly the same corrections. The effect on the pressure dis- 
tribution of the variation in Mach number at the nose of the model (result- 
ing from a variation in nose position in the test stream) was negligible 
since static pressure was referred to measured pitot pressure. Pitot pres- 
sures for ablating models and conical -nosed models were obtained from a ratio 

of p, /p. that was established from runs during which p was measured. 

t 2 t; 1 t 2 

Although p. may not have the same significance for the conical -nosed model 
as for the blunt-nosed models, this reference was used for all pressure data. 

The pressure system for measuring static pressures was accurate to 
within about 5 percent at the lowest pressures (30 p) , and to within 1 percent 
at the highest pressures (1000 p) . Capacitance -type pressure transducers 
(Datametrics Barocel) were used. The length of connecting tubing (inside 
diam. = 0.12d) between orifice and transducer was about 2 meters. At low 
pressures the lag time was about 5 seconds, but this presented no problem 
because the run times were from 20 to 40 seconds. Considerable attention was 
given to the problem of outgassing (this is discussed later). Tubing and con- 
nectors were all metal, except for 0-rings in the connectors. The entire 
pressure system was continuously outgassed, except during the runs (outgas- 
sing pressure was about 1 p) . 

Pitot pressure and tunnel stagnation pressure are accurate to better 
than 1 percent, with the exception of pitot pressure at the low Reynolds num- 
ber, where the accuracy is probably no better than 2 percent. Details of 
these pressure systems are not given because the measurement of these higher 
pressures does not involve special problems as was the case for the low 
pressures. 


Test Methods 

General procedures .- Since the process of starting the arc facility often 
took nearly a minute, it was necessary to protect the models from the hot 
stream during this time. This was done in two ways. For most tests, a 



shield -was inserted into the stream ahead of the model during the starting 
process and retracted when flow was established. This system was used satis- 
factorily for the oil flow studies on the cylinder -flare models and in all 
tests when pressures were measured. (Pressure models had to he fixed in the 
test stream because of the rigid metal tubing that connected model and trans- 
ducers.) The shield was not satisfactory for protecting the oil on the base- 
flow model, so it was necessary to retract the model from the stream during 
the starting process and insert it when the flow was established. (This was 
possible only when the rigid pressure tubing was disconnected,) 

Proper techniques are essential for measuring low pressures in order to 
eliminate the deleterious effects of outgassing. A particular problem asso- 
ciated with the open- jet arc facility is that in order to minimize the length 
of connecting tubing, the pressure transducers are located inside the vacuum 
tank. It is difficult to outgas this system up to the time of pressure mea- 
surement unless remotely controlled valves are located in the pressure line 
close to the orifice. The following procedures were adopted because the 
models were too small to house eight remotely controlled valves. With tape 
over the orifices, the entire pressure system was continuously outgassed dur- 
ing nontesting time. With an outgassed system, the transducers were cali- 
brated each day (often several times a day) to provide a continuous check on 
performance and reliability. Prerun preparation required that the tape be 
removed from the orifices before closing and evacuating the tank; thus a por- 
tion of the connecting tubing was at atmospheric pressure for about 5 minutes. 
(Remotely controlled valves between the orifice and the transducer permitted 
continuous outgassing of the transducers.) During this 5 -minute period, the 
connecting tubing exposed to atmospheric pressure reabsorbed enough air to 
require another period of outgassing. This was done at a tank pressure of 
about 20 \i for l/2 hour when minimum pressures of 30 M- were to be measured. 

The remotely controlled valves, which permitted outgassing of the transducers 
at about 1 q, were opened after the facility was started and the protective 
shield removed and were again closed before the facility was shut down. (This 
procedure also minimized possibilities of contaminating the transducers with 
impurities from the arc stream.) During the run, pressure was recorded con- 
tinuously. Since only 8 pressure points were obtained in one run, it was 
often necessary to make more than one run to complete one pressure distribu- 
tion -- ample overlap was allowed for each segment of the pressure 
distribution and many repeat runs were made to evaluate repeatability. 

Enthalpy was determined from measurements that were made at the begin- 
ning of each run and occasionally at the end of the run also. After the test 
condition was established, but before the model protective shield was 
retracted (or model inserted), the calorimeter was put into the stream on the 
longitudinal center line. The calorimeter was then retracted and the run 
proceeded. Enthalpy was believed to remain constant during the run (this was 
shown to be true where two measurements were taken) . 

Flow visualization played an important role in these experiments, and a 
photographic record of all visual observations was necessary. Ektachrome 
film provided excellent contrast of the various colors on the models and in 
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the flow fields. Several cameras in different positions provided a continuous 
record of the flow field about the models during runs, and of the oil pat- 
terns and condition of the model surface both during and after the runs. 

Techniques for detecting separation and reattac hment.- Various techniques 
were used to locate flow separation and reattachment. The usefulness of a 
particular technique depended upon the model and test condition; thus differ- 
ent combinations of techniques were used for the two types of models. 

Separated or attached flow on the cylinder-flare models was indicated by 
flow-field photographs, oil accumulations and streaks (diffusion pump oil with 
red dye), and bum patterns on painted and ablating flares. Photographs of 
the glow about the models were useful in determining the approximate extent of 
separation (from the wedge of separated flow ahead of the flare as illustrated 
in fig. 6 (a)), and in determining the thickness of the layer that contained 
the ablation gases (figs. 6 (a) and 6 (b)). To locate separation, or to indi- 
cate attached flow, drops of oil were put on the upper surface of the cyl- 
inder only. An accumulation of oil marked flow separation (figs. 6 (c) and 
6 (d)); oil streaks downstream along the cylinder and up the flare (fig. 6 (e)) 
indicated attached flow. Reattachment was located by the demarcation between 
burned and unturned regions on an ablating flare (fig. 6 (f)) and on a white 
painted flare (fig. 6 (g)). Reference marks on this flare were at intervals of 
0 . 33 d along the surface. Plow direction on the flare, which aided in locating 
flow reattachment, was detected by the patterns formed around small obstruc- 
tions that had been cemented to the painted surface (fig. 6 (g)). The surface 
downstream of the obstruction at 1 . 33 d (burned off late in the run) was shel- 
tered from the hot, reattaching boundary layer, indicating attached flow at 
that point. The surface upstream of the obstruction at l.Od was sheltered 
from the hot gas, indicating reverse flow in a separated region. Reattachment 
could generally be narrowed down to a region about 0 . 3 d long. (The center of 
this region is indicated in figures where the location of reattachment is 
specified. ) 

Separated or attached flow on the base models was detected by oil accu- 
mulations, oil streaks, and orifice wedges. Before nozzle flow was estab- 
lished, oil bubbled from holes in the model surface and ran around the model 
normal to the longitudinal axis (the vertical oil -flow marks in figs. 6 (h), 
6 (i), and 6 (j)). During a run the oil flowed along the model. Accumulation 
of this oil indicated the separation point (fig. 6 (h)). Surface-flow direc- 
tion in attached and separated regions was determined by the direction of the 
oil streaks (figs. 6 (h), 6 (i), and 6 (j)). The streaks are very obvious in 
regions of high density. To observe the flow of oil in regions of low density 
and to observe the flow of oil that bubbled out of the holes as the run pro- 
ceeded, it was necessary to study many photographs taken during the run. 

Figures 6 (i) and 6 (j) show the development of oil streaks in one run. Flow 
reattachment was also located with orifice wedges. Small -angle wedges (about 
1 orifice diameter high, 1.5 diameters wide, and 3 diameters long) were 
cemented to the model upstream of the orifice, with the blunt base at the edge 
of the orifice (a sketch is shown in fig. 11). For attached flow, the orifice 
pressure with the wedge was less than that without the wedge; for separated 
flow the reverse was true. Again, the reattachment region was narrowed down 
to a length of about 0 . 3 d. 
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Ablation Materials and Characteristics 


The ablation materials used were Teflon (TFE) , Delrin, and high density 
phenolic nylon (50$ phenolic, 50$ nylon; density of 1.19 g/cm 3 ) . These three 
materials were chosen to give large rates of ablation, and ablation gases with 
different properties. The rates are the actual weight loss (as opposed to 
weight loss per unit area) due to both melt and gas, divided by the total time 
the material was exposed to the test stream. The ratio of gas to melt is not 
known. Ratios of the total mass loss rate to free-stream mass flow rate given 
in the figures are averages of all the runs for a particular material, con- 
figuration, and test condition. Scatter about these averages at the high 
Reynolds number was 20 percent for the hemispherical and conical noses, and 
less than 10 percent for the flares and the noses on the base flow models, 
and at the low Reynolds number was less than 10 percent for all shapes. 

The Teflon pyrolized with no noticeable flow of melt. The ablation rates 
for this material were the lowest, but the rate apparently reflects the 
amount of gas injection into the boundary layer (as opposed to the other two 
materials where some of the weight loss was in liquid) • The surface of the 
Teflon always remained smooth, and the shape of the ablating surfaces changed 
only small amounts. Time to ablate after exposure to the test stream was 
about 1 to 2 seconds. Further details on Teflon may be found in references 
11 and 12. 

The ablation rates for Delrin were relatively high but, depending upon 
test condition and model shape, a significant portion of the weight loss was 
in melt. Generally speaking, the amount of melt was sizable at the high 
Reynolds number condition and small at the low Reynolds number condition, 
possibly in a ratio of 5 or 10 to 1 (from this trend it might be expected 
that at some conditions no melt would occur). Models with Delrin noses tested 
at both conditions are shown in figure 7 (the melt curled up and pulled away 
from the surface due to cooling after the run) • At the high Reynolds number, 
considerable melt dripped off the model during the run so only a portion of 
the total melt remained on the model after the run (fig. 7(a)); at the low 
Reynolds number, all the melt stayed on the model (fig. 7(h)). The Delrin 
surface was covered with small bubbles from the beginning of ablation (about 
3 to 5 sec required to begin ablation) to the end of the run. The large abla- 
tion rates resulted in sizable changes in nose shapes (see section on Time 
Dependent Pressures for further discussion on the change of nose shape) • 

The phenolic nylon also gave fairly large ablation rates, but as with 
the Delrin, a portion of this weight loss was also in melt. The volume of 
melt was, however, judged to be much less than for the Delrin. Early in the 
run a bubbly melt appeared on the surface of the phenolic nylon; as the run 
progressed, the melt flowed back over the nose. Later in the run the surface 
charred where the heating rates were sufficiently high. The char was slightly 
rough and pitted, but would be considered smooth relative to the Delrin. The 
phenolic nylon began to ablate after about 3 'to 5 seconds exposure to the test 
stream. The ablation of phenolic nylon is discussed in greater detail in 
references 12 to 14. 


9 



RESULTS AND DISCUSSION 


Description of the Local -Flow Test Environment 

The description of the local-flow properties ahead of separation is 
primarily theoretical and applies only to the nonablating models, hut some 
experimental observations for both ablating and nonablating models are 
included. 

State of equilibrat ion.- The inviscid flow about all the test models is 
believed to have been out of equilibrium at both test conditions. Theoretical 
calculations, by the method of reference 15 , indicated that the energies of 
vibration and dissociation in the stagnation region of the hemispherical nose 
were not significantly different from the free -stream values for both test 
conditions; that is, the flow across the bow shock was frozen in vibration and 
dissociation (the test stream was also frozen). Further downstream, the 
resident time decreases (velocity increases) and reaction time increases 
(pressure and temperature decrease) which favors the continuance of frozen 
flow over the entire model. 

The state of equilibration over the base model and the conical -nosed 
model was not calculated, but from the results for the hemisphere it appears 
likely that the flow over these two models was also near frozen. The con- 
ditions over the face of the base model were slightly more favorable for 
relaxation than were the conditions for the hemisphere, but the rapid expan- 
sion at the shoulder followed by the region of low pressure and temperature 
would likely result in frozen flow over the base. The conditions over the 
cone -cylinder models favored frozen flow even more so than for the hemisphere - 
cylinder models because the weaker bow shock on the cone did not alter free- 
stream properties as much as the stronger shock on the hemispherical -nosed 
model • 

Classification of stagnation viscous fl ow.- The extent to which viscosity 
might be important to the flow about a blunt-nosed vehicle is indicated by the 
viscous flow in the stagnation region. Probstein and Kemp (ref. l6) describe 
several flow regimes in the order of decreasing Reynolds number (three of 
these are of immediate interest). The first is the vorticity interaction 
regime, characterized by a thin shock wave, an inviscid layer, and a boundary 
layer. In the second regime the viscous layer fills the entire shock layer, 
but the shock remains thin (ref. 17 indicates that the shock does not remain 
thin). In the third regime, the viscous layer merges with a thickened shock 
wave; this is the incipient merged-layer regime. The shock layer remains a 
continuum. 

On the basis of calculations by the method of reference l6, large vis- 
cous effects can be expected on some of the present models. The flow in the 
stagnation region of the hemispherical -nosed model at the lower Reynolds num- 
ber was in the viscous layer regime. At the higher Reynolds number, the 
stagnation region flow was close to the upper limit of the vorticity inter- 
action regime. The flow in the stagnation region of the base models was 
above the vorticity interaction regime, where viscous effects are expected 
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to be small. The strong expansion at the shoulder, however, caused the local 
Reynolds number to become so low that the base flow was probably highly vis- 
cous , especially at the lower Reynolds number where the stagnation region 
flow was not far above the vorticity interaction regime. 

Location of transition .- The boundary layers in this investigation are 
believed to have been laminar, except on some of the conical-nosed, models at 
the high Reynolds number condition (the transitional flows are discussed 
later). Although transition has not been located directly, the following 
evidence indicates laminar flow: l) The length Reynolds numbers were very 

low. The highest in the investigation was for the conical -nosed model 
(Re^ length = 78 j° 00). Transition is believed to have been located slightly 
ahead of the flare at this condition when an extremely rough, nonablating nose 
or an ablating nose was used, but there was no evidence of transition on the 
model with a smooth nose, (it is possible, however, that transition might 
have been in the reattachment zone with the smooth nose.) For all other com- 
binations of model and test condition, the length Reynolds number (based upon 
local-flow conditions) was, at least, about an order of magnitude less than 
the value quoted above. It seems reasonable, therefore, to believe that tran- 
sition did not occur on the models with the lower length Reynolds numbers. 

2) The boundary layers behaved like laminar boundary layers, not like tran- 
sitional boundary layers. In all cases, the extent of separation decreased 
as Reynolds number was decreased (this will be shown in sections to follow). 
This behavior is characteristic of a laminar boundary layer -- the presence 
of transition would have been easily recognized by an opposite trend in the 
extent of separation (see discussion of the influence of Reynolds number) . 

The trend in extent of separation with Reynolds number is the same for lam- 
inar and turbulent boundary layers, but because of the low Reynolds numbers 
of these experiments, the only concern here is whether the boundary layers 
were completely laminar or were transitional. 

Attached viscous flow over the nonablating models Q - Theoretical calcu- 
lations were made by the method of reference 18 to estimate the viscous 
attached frozen flow about the hemisphere -cylinder and the cone-cylinder at 
both test conditions (no method was available for the base model). The 
method of reference 19 was used to estimate the inviscid flow field. 
Boundary-layer edge properties, rather than wall properties, were used in 
calculating the viscous flow because using wall properties gave unrealistic 
results in some cases (i.e., a boundary layer that grew outside of the 
experimental shock wave) . A first estimate of the edge properties was 
obtained from the inviscid flow field by assuming a boundary- layer thick- 
ness; iterations were made as necessary. (The inviscid flow outside of the 
boundary layer was assumed to be unaffected by the presence of a boundary 
layer; this, of course, is not true.) The results to be shown indicate that 
the boundary layers fill a large portion of the shock layers at both test 
conditions. In the application of the methods of references l8 and 19 to 
such highly viscous flows, two limitations are immediately apparent, namely: 
l) the method of reference l8 is for thin boundary layers, thus the assump- 
tions on which the theory is based are not valid for a very thick layer in a 
nonuniform flow field, and 2) the boundary-layer edge properties obtained 
from the inviscid-flow calculation are questionable for such highly viscous 
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flows. Obviously, these limitations cast doubt on the results of the calcu- 
lations (especially at the lower Reynolds number) , but since a more suitable 
method is not available , references l8 and 19 were used to obtain an approxi- 
mation of these highly viscous flows. 

The boundary-layer velocity thickness , momentum thickness, and displace- 
ment thickness are shown in figures 8 and 9 for the hemisphere -cylinder and 
the cone-cylinder models at both test conditions. These thicknesses are 
given because previous experimental investigations have indicated that a 
Reynolds number based upon some characteristic dimension of the boundary layer 
is important to separation (in refs. 1 and 20, velocity thickness was used 
as the characteristic dimension, but displacement or momentum thickness might 
be more appropriate). The theoretical viscous layers were apparently very 
thick on the nonablating models; in some cases the viscous layer appears to 
merge with the shock wave. This is consistent with observations of the 
experimental data that showed the layers containing the ablation gases were 
also very thick, in some cases these ablation gases appear to merge with the 
shock wave, for example, figures 6(a), 6(b), 6(e), 8, and 9 (quantitative com- 
parison of the thickness of the layers that contained ablation gases and the 
theoretical boundary-layer thickness for nonablating models is not intended). 


The values of Mach number and Reynolds number at the edge of the 
estimated boundary layers (at the station where the flare began) are also 
shown in figures 8 and 9 . These values were obtained from the inviscid flow 
calculation that did not account for viscid -inviscid flow interaction. Edge 
properties are significant to the development of the attached boundary layer 
(see ref. 18 and the preceding discussion) and are believed to be significant 
to the occurrence of separation (e.g., refs. 1 and 20) . It is not known, 
however, whether the edge properties for a very thick boundary layer in a 
nonuniform flow field have the same significance to separation as seems to be 
the case when the boundary layer is thin. 


Influence of Reynolds Number on the Extent of Laminar Separation 

Published data appear to show opposite effects of Reynolds number on the 
extent of laminar separation. It was shown in reference 21 that the extent 
of separation increased as Reynolds number was decreased, and it was further 
pointed out that this trend was opposite to that which had previously been 
shown in reference 1 (the trend of extent of separation as affected by other 
variables discussed in ref. 21, e.g., Mach number, was also opposite to that 
shown in ref. l) . This matter was discussed by Gray with no definite con- 
clusion. The following discussion is intended to show that the apparent 
opposite trends can be explained simply by recognizing the fundamental impor- 
tance of the definitions of laminar and transitional separations. As defined 
in reference 22, transition is downstream of reattachment for a laminar sep- 
aration and between separation and reattachment for a transitional separation. 
These definitions were not arbitrary, but instead were based upon marked 
changes in the observed characteristics of separated flows for different 
locations of transition. 
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The variation in extent of laminar and transitional separations with 
Reynolds number is shown in references 1 and 22 , respectively* Transition was 
definitely located in both of these investigations with the aid of shadow- 
graphs; thus these boundary layers properly correspond to the definitions in 
reference 22. The behavior of the separations changed markedly as transition 
passed through the reattachment zone* For laminar separations (ref. l) , the 
extent of separation decreased as Reynolds number was decreased. Typical 
behavior of transitional separations is shown in reference 22 to be opposite 
to that for a laminar boundary layer (this is, of course, because a decrease 
in Reynolds number causes the boundary layer to progress from turbulent, to 
transitional, to laminar; this condition results in a large increase in extent 
of separation) . More recently, this trend in extent of laminar and transi- 
tional separations with Reynolds number has been discussed in reference 23* 

The present data show a trend in the extent of separation with Reynolds 
number that is characteristic of laminar boundary layers. This effect can be 
seen for nonablating models by comparing figures 10(a) and 10(b) for the 
cylinder -flare model, and figures ll(a) and ll(b) for the base model (differ- 
ences in the amount of boundary-layer cooling between the two test conditions 
are negligible). The pressure distributions at the higher Reynolds numbers 
(figs. 10(a) and 11(a)) are characteristic of separated flows; those at the 
lower Reynolds numbers (figs. 10(b) and 11(b)) are characteristic of attached 
flows. Separation and reattachment, or the absence of separation, shown sche- 
matically in figures 10 and 11, were determined as described earlier. 

In line with the previous discussion, the behavior of the separated 
regions reported in reference 21 appears to be typically transitional. Gray 
(ref. 21) , in fact, recognized that transition was at or near reattachment in 
his experiments. Such a location of transition is certainly supported by the 
fact that the length Reynolds numbers were very high; also shadowgraphs of the 
separated flows in reference 21 are typical of those shown in reference 22 for 
transitional boundary layers. However, Gray ignored the importance of transi- 
tion to the extent of separation in redefining a laminar separation to include 
the case where transition was at or near reattachment. The data in reference 
21 should have been compared with other data for transitional separations. 


Influence of Reynolds Number on the Surface Pressures 
for the Nonablating Hemisphere -Cylinder Model 

The ratio of surface pressure to pitot pressure for the nonablating 
hemispherical-nosed model without a flare decreased as the Reynolds number was 
decreased (cf. figs. 10(a) and 10(b)). Possible orifice effects caused by the 
low pressure and high temperature do not account for this trend. This result 
was not expected because the opposite trend has generally been observed. In 
reference 24, for example, a decrease in Reynolds number caused an increase 
in surface pressure. This was attributed to a change in the effective body 
shape resulting from a change in displacement -thickness growth close to the 
nose. The significant difference between the present experiments and those 
discussed in reference 24 is believed to be that the Reynolds number in the 
present experiments was so low that the viscous layer was beginning to merge 
with the shock wave. Reference 25 suggests that large reductions in surface 
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pressures that have "been observed on flat plates as Reynolds number was 
reduced might he due to the merging of viscous layer and shock wave. It is 
possible that the present experiments are in the regime where the influence of 
a merged viscous layer and shock wave predominates over the influence of a 
displacement thickness growth. 


Effects of Ablation on Extent of Separation 
and on Surface Pressures 

The effects of ablation on the extent of separated regions and on the 
pressure distributions are shown in figures 12 to 17 for the three model 
shapes. Many flow-visualization photographs were used to determine the extent 
of separated flow; a few representative photographs are shown (figs, 13 (d), 
13 (e), and 15(b)), Variations in the extent of separated flows can be deter- 
mined approximately from changes that occur in the pressure distributions. 

The pressure distributions shown are for all the combinations of models and 
test conditions that were investigated. At the low Reynolds number condition, 
the pressures on ablating models were time dependent; the pressures shown in 
figures 15 to 17 were measured late in the run. 

Nose ablation , - The extent of laminar separation, whether large or small, 
was not measurably affected by nose ablation. Furthermore, nose ablation did 
not cause separation where there was no separation on the nonablating models 
( 0 = 25° at the higher Reynolds number; 6 % 45° at the lower Reynolds number). 
The flow-visualization data in figure 13 (d), for example, show by the size of 
the separation wedge that nose ablation had negligible influence on the extent 
of separation at the high Reynolds number. At the low Reynolds number, flow- 
visualization data indicated completely attached flow for both the nonablat- 
ing and the ablating models; thus no influence of ablation on separation 
could be detected. The pressure distributions in figures 12 to 17 also indi- 
cate that ablation had little or no effect on the extent of separation ( cf . 
figs. 10 (a) and 10 (b), and ll(a) and 11 (b) for the distinguishing features in 
a pressure distribution that mark the presence of separation) . 

Nose ablation had little or no effect on surface pressures at the high 
Reynolds number, provided the boundary layer remained laminar (figs. 12-14), 
but at the low Reynolds number the pressures increased significantly for 
some of the ablation materials (figs. 15-17)* The absence of any influence at 
the high Reynolds number could possibly be due to very low rates of gas 
injection -- the values of mass loss were moderate, but a large portion of 
this was liquid. 

It is apparent from the data at the low Reynolds number that the 
magnitude of pressure increase depends on the ratio m /^00 as well as on the 
particular material used (this is consistent with the conclusions of ref. 26 ). 
A discussion of the quantitative effect of injecting various gases into the 
boundary layer should, of course, include all properties of the ablation 
materials such as the ratio of melt to gas, and molecular weight of the 
injected gas, in addition to the value m/nto presently used. Such an 
analysis is beyond the scope of the present investigation. 
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Since nose ablation increased surface pressures veil ahead of the flare 
on the hemispherical -nosed model, it is clear that this influence vas caused 
by an alteration to the attached boundary layer that vas in no vay associated 
vith separation or the adverse pressure gradient at the flare. The injection 
into the boundary layer of ablation gases that have zero streamvise velocity 
probably causes an increase in displacement thickness by flattening the veloc- 
ity profile. (Calculated results in reference 2 6 shov that injection did 
increase displacement thickness.) Such an increase in displacement thickness 
vould be expected to increase surface pressures if other factors remained con- 
stant. The influence of mass injection by nose ablation shovn by the present 
experiments is, in fact, very similar to the displacement -thickness effect 
discussed in the previous section. Reference 24 shoved that this effect vas 
largest near the nose (a case similar to that in fig. 15 (a)) and increased as 
Reynolds number vas decreased (a trend similar to that shovn by comparing 
figs. 13(c) and 15(a)). It is important to note here that, as discussed 
above, the boundary layer and shock vave merged at the lov Reynolds number for 
the hemispherical-nosed model. The change in displacement thickness due to 
ablation probably predominated over any increased merging of boundary layer 
and shock vave due to ablation because the largest changes to a boundary layer 
due to ablation vould be expected to occur close to the surface, not at the 
edge of the boundary layer. It is believed, therefore, that the increased 
surface pressure near the compression corners for all the present model shapes 
is a result of displacement -thickness growth caused by ablation. 

Flare ablation .- FI ov -visualization data shoved that flare ablation 
caused a very small increase in the extent of laminar separation. This is 
shovn at the higher Reynolds number by the size of separation vedges and the 
location of oil accumulations in figure 13 (e). At the lover Reynolds number 
a separated region appeared (shovn by the unburned region on the ablating 
flare, fig. 15 (b)) vhere there vas formerly none (shovn by the oil f loving up 
the flare, fig. 15(b)). The oil accumulation on the model vith the ablating 
flare that is shovn in figure 15(h) vas about O.ld upstream of the corner. 

Flare ablation caused the cylinder pressures to increase. At the higher 
Reynolds number (fig. 13(c)), the pressure increase vas probably due, in part, 
to the upstream movement of the separation point; an additional effect, indi- 
cated by the higher peak pressure, could result from boundary-layer thicken- 
ing or a larger turning angle at separation. These effects of flare ablation 
vere possibly caused by the gases from the ablating flare that vere turned 
back into the large separated region. At the lover Reynolds number, the 
increased pressures (fig. 15 (a)) apparently vere a result of the appearance 
of a separated region, and an increased thickness of the flare shock layer 
due to ablation (this is faintly visible in the original photographs of 
fig. 15(b)). 
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Effect of Ablation on Boundary-Layer Transition 


Data for the conical-nosed model indicated that ablation might have 
caused boundary-layer transition to occur on the model at the higher Reynolds 
number since unsteady flow near separation was indicated by fluctuating pres- 
sures. Reference 22 showed that separated flows were unsteady when transition 
was at the separation point, whereas separated flows were steady for all other 
locations of transition. The pressure data for the model with the 35° flare 
are shown in figure 18(a). The pressures were steady only on the model with 
the smooth, nonablating nose; the separated region shown is for the steady 
flow. The pressure data for the ablating noses, shown by the symbols, repre- 
sent average values indicated by the transducers. The pressure-measuring 
system could not respond accurately to fluctuating pressures; however, these 
data are useful as an indicator that unsteady flow did occur. The odd shape 
of some of the distributions is characteristic of that measured with a system 
with long tubing when the flow is unsteady (see fig. 19 in ref. 22 ) 0 The 
pressures on the model with the 25° flare were steady because no separation 
occurred (see fig. 14) . The pressures near separation for the 45° flare were 
steadier than for the 35° flare. Apparently the 45° flare caused separation 
sufficiently far ahead of transition that the unsteadiness was reduced 
(see fig. 18 (b) ) . 

Transition on the ablating models could have been affected by both 
surface roughness of the ablating material and by the injection of ablation 
gases into the boundary layer. The relative importance of each is not known. 
To learn whether gas injection contributed to early transition, the importance 
of roughness will be examined. As a basis for comparison, roughness was 
added to the nonablating cone as shown in the lower right photograph of fig- 
ure 19- The roughness consisted of 5 rings with square edges about 0.04d 
high, spaced at approximately even increments along the cone, beginning at 
about 0.4d from the tip (the ratio of roughness height to 5* was probably 
much greater for this nose than for any of the ablating noses, especially for 
the first 3 rings). This roughness caused transition near the separation 
point as evidenced by very unsteady pressures. The Teflon nose (upper, left 
photograph in fig. 19) was always smooth, but surface pressures in the sepa- 
rated region were slightly unsteady, indicating that transition could have 
been at the separation point a small portion of the time. (Since this model 
remained smooth, ablation must have been the important factor.) The unsteadi- 
ness was the least (judging from the amplitude of pressure fluctuations) that 
was observed for the three ablating materials, but so was the ablation rate. 
For this case, the breakdown to turbulent flow was probably just beginning 
near the separation point, whereas it likely was further advanced for the 
other models. The surface roughness of the phenolic nylon nose varied con- 
siderably during the run, as shown by the three lower photographs on the left 
side of figure 19. The phenolic nylon was initially smooth. Early in the 
run a wave of melt flowed back over the nose (two middle photographs on the 
left). Later, the surface was fairly smooth, except for the accumulation of 
melt near the cone-cylinder juncture (lower, left). The postrun condition of 
the phenolic nylon nose is shown in the upper right photograph of figure 19. 
Although the accumulation of melt increased the diameter of the model near the 
base of the cone, the protuberances were primarily smooth blisters in the 
shape of spherical segments with a small height -to -chord ratio. Furthermore, 
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the ratio of roughness height to displacement thickness was generally small 
near the cone-cylinder juncture. This roughness was probably not very impor- 
tant to transition; however, unsteadiness of surface pressures in the sepa- 
rated region indicated that transition was again at the separation point. 

It appears that the roughness on the nonablating cone was much more 
severe than that on any of the ablating cones,, but that the location of tran- 
sition was about the same for all these noses. If the slight roughness on 
the ablating cones had been primarily responsible for the occurrence of tran- 
sition at separation, then the severe roughness would likely have caused 
transition upstream of separation (the resulting turbulent boundary layer 
would have been easily detectable). Since this did not occur, it is con- 
cluded that the roughness on the ablating models was not solely responsible 
for causing transition at the separation point because it is not probable 
that this small roughness, in itself, could cause transition at the same loca- 
tion as for the severe roughness on the nonablating cone. It is believed, 
therefore, that gas injection by ablation played a significant part in causing 
early transition on the ablating models. (This is consistent with the result 
in ref. 27 that illustrates that suction delays transition, and with ref. 28 
that shows that blowing causes early transition.) Quantitatively, the small 
ablation rates associated with these conical noses (l to 2 percent of rh^) 
seem to be as important to transition as the severe roughness on the nonablat- 
ing nose. (Delrin was excluded from this discussion because its high ablation 
rate relative to Teflon and phenolic nylon is misleading due to the large 
amount of melt.) An approximate transition Reynolds number based on free- 
stream properties and the model length to the cylinder -flare juncture was 
about 6l,000. The significance of this number is not known, however, because 
the Reynolds number for natural transition is not known for the present test 
facility. 

Nose ablation could cause large changes in the extent of separation if 
ablation caused transition to move from downstream of reattachment to up- 
stream of separation. The possible change in the extent of separation would 
be the largest at high Reynolds numbers where laminar separations are large 
(refo l), and where transition on the nonablating model is near reattachment. 
The resulting turbulent boundary layer would, under most circumstances , be 
attached (see ref. 20). 


Time Dependent Pressures 

Surface pressures were time dependent at the low Reynolds number test 
condition only. An example is shown in figure 20. In the early portion of 
the run, slow time response of the pressure system was a major factor in the 
pressure increase with time. Later in the run, when the rate of pressure 
rise was much less, the pressure system was probably able to respond to the 
pressure changes. The time dependency of pressures shown in the latter por- 
tion of the run therefore likely represents actual pressure changes on the 
model with time. Although the pressure level was time dependent, no change 
in the extent of separation with time was observed. 
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The increase in surface pressure with time is believed to have been due 
to variations of model temperature and of the ablation rate. The change in 
model temperature (about 110° K in a typical test with a nonablating model) 
probably caused the displacement thickness to increase slightly, resulting in 
a slight increase in surface pressure. This increase is apparent for the non- 
ablating model in figure 20. The most notable change in the ablating model 
during a run was the blunting of the nose as a result of ablation. The shape 
of the nose had no direct effect on the surface pressures, however, as shown 
by the data in figure 20 for the nonablating model that had a nose shape equiv- 
alent to the final shape of the Delrin nose. Instead, the blunting of the 
ablating nose is believed to have increased the rate of ablation (fh/rtko), thus 
causing a time dependent increase of the displacement thickness. 


Effect of Cylinder Diameter on Separation for the Base Model 

Base-flow models were tested with two sizes of cylinders in order to 
estimate the influence of cylinder diameter on the base-flow separation. Data 
for the models with a cylinder diameter of 3»8l cm have been presented in 
previous sections; the extent of separation was well defined by both oil flow 
and pressure distributions. Extent of separation on the models with a cylin- 
der diameter of 1.27 cm was detected by oil flow only. The oil accumulations 
on the 45° base models (fig. 21 (a)) indicate that the location of separation 
at high Reynolds number was not significantly affected by the 3 to 1 change in 
cylinder diameter. The shape of the separated regions for these two models is 
compared in figure 2l(b) by superimposing the models, and the locations of the 
oil ac cumulations at separation and the limits for which both upstream and 
downstream oil flow was observed at reattachment. If reattachment was at the 
midpoint of the regions bounded by the upstream and downstream oil flow, it 
appears from figure 21(b) that the size of the cylinder had little or no 
influence on the shape of the separated base flow. A similar situation 
occurred for the 35° base; for this model, however, the extent of separation 
was less than for the 45° base (cf. figs. 12(b) and 12 (c), for example). 


Effect of Nose Shape on the Extent of Laminar Separation 

The separated region on the cylinder -flare model with the conical nose 
was larger than on the cylinder -flare model with the hemispherical nose 
(cf. figs. 13(b) with 18(a) and 13(c) with 18 (b)). Nose blunting decreases 
local Mach number and Reynolds number; thus two opposing effects result -- the 
reduced Mach number tends to increase the extent of separation and the reduced 
Reynolds number tends to decrease separation (see ref. l) . The resultant 
in fluence on the extent of separation depends upon which variable predominates 
(e.g., ref. 20 shows that for turbulent boundary layers one variable might 
predominate for some conditions, whereas, the other will predominate for other 
conditions — probably the laminar boundary layer behaves in a similar 
manner). Previous investigations (refs. 1 and 20) have also shown that the 
extent of separation varied with nose shape, but that the conditions for 
incipient separation (and therefore the size of separation) were not affected 
by nose shape, provided values of local flow Mach number and Reynolds number 



■were used in the data correlations. Data at the present test conditions are 
insufficient for determining whether these data also correlate on the basis of 
local flow conditions. 


Incipient Separation 

Flare and base angles for incipient , laminar separation were determined 
only approximately because large angle increments were used. At the high 
Reynolds number, incipient separation on nonablating models occurred between 
25° and 35° for each configuration; this range can, however, be narrowed down 
by considering the extent of flow separation on the models with the 35° flare 
or base. A very small separation occurred on the hemispherical -nosed model 
(figs. 6(d) and 13(b)), whereas larger separations occurred on the conical- 
nosed model (fig. 18(a)) and on the base-flow model (figs. 6(h) and 12(b)). 

The angle for incipient separation was, therefore, close to 35 ° f°r the 
hemispherical -nosed model and probably closer to 25° for the other two models. 
At the low Reynolds number, the angle for incipient separation was greater 
than ^5° for all models. These large turning angles with no separation are 
consistent with results obtained at low Reynolds numbers that are presented 
in reference 2. 

The conditions for incipient separation on the ablating models were very 
close to the incipient separation conditions for the nonablating models. This 
is implied by the present data that showed that ablation did not significantly 
alter the extent of laminar separation. 


CONCLUDING REMARKS 


Separated and attached flows have been studied on ablating and on 
nonablating models at a Mach number of 13.8. The boundary layers on these 
highly cooled models were generally laminar, but in a few cases appeared to 
have been transitional. The viscous layers were very thick -- at some condi- 
tions the boundary layer merged with the shock wave. A probable result of 
this merging of shock wave and boundary layer is the decrease in surface pres- 
sures that was observed for the attached flows as Reynolds number was 
decreased. 

The laminar boundary layers in the present investigation turned very large 
expansion and compression angles with no separation. As Reynolds number was 
decreased, separation disappeared for even the 45 ° compression corner. For 
this case the boundary layer (and the layer that contained the ablation gases) 
nearly filled the shock layer. On the base model, a flow expansion from the 
stagnation point of 135°, followed by a recompression of 45 , occurred with 
no separation. 

Nose ablation had no influence on the extent of laminar separation; 
however, flare ablation caused a small increase in the extent of separation, 
or caused a small separated region to appear where there was formerly none. 
This implies that ablation has little or no influence on incipient separation. 
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Ablation caused, cylinder pressures to increase significantly in some 
cases, indicating that the boundary layers were altered by ablation even 
though the extent of separation was not largely affected. Apparently this 
influence was in no way associated with separation, as is indicated by the 
effect of nose ablation on the pressures well ahead of the separated regions. 
Instead, the pressure rise is believed to have been due to growth of the 
boundary-layer displacement thickness caused by ablation. With flare abla- 
tion, at the lower Reynolds number, an additional increase in pressure was 
associated with the appearance of separation and a thickened flare -shock 
layer . 

Ablation appeared to have reduced the transition Reynolds number. At 
high Reynolds numbers where laminar separations are generally large and where 
transition is near reattachment, ablation could, therefore, cause very large 
decreases in the extent of separation if it causes the boundary layer to 
change from laminar to turbulent. 


Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, Calif., 94035, March 21, 1967 
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TABLE 

I.- NOMINAL TEST CONDITIONS 

Property 

Condition 1 
(high Reynolds number) 

Condition 2 
(low Reynolds number) 

p , atm 
X 3. 

67.0 ±2.0 

10.0 ±0.3 

J m" 3/2 sec -1 

(1.2 ±0.1)X10 5 

(1.1 ±0.1)X10 5 

k st > J S -1 

(4.2 ±0.4)X10 3 

(8.2 ±0.6)X10 3 

P + /P t ' 
t a t i 

(5.2 ±0.l)xi0“ 4 

(7.6 ±0.3)X10" 4 

Ho 

13.8 

13.8 

^ e co,d 

9,000 

1,000 

Refao, j} 

29.000 

3,200 

^/ T st 

0.08 to 0.11 

0.05 to 0.07 




2k 





Figure 2.- Test facility. 




(a) High Reynolds number; p_j_ = 67 atm; h Q ^. = 4.2X10 3 j/g. 

(b) Low Reynolds number; p. = 10 atm; h qt = 8.2X10 3 j/g. 

t i 

Figure 3.- Variation of the theoretical static pressure along the nozzle 

center line. 




Base-flow models Cylinder-flare models 



r, = 14.63 
r 2 = 0.61 

Note: All dimensions in centimeters. 

Shaded areas denote ablating surfaces. 


Figure 5* “ Models. 




r, = 14.63 
r 2 = 0.61 

Note: All dimensions in centimeters. 

Shaded areas denote ablating surfaces 

Figure 5.- Models. 



(a) 



(b) 

(a) Hemisphere -cylinder flare; phenolic nylon nose; 9 = 45°; Re^ d = 9000. 
(h) Hemisphere -cylinder flare; phenolic nylon nose; 9 = 45°; Re^d = 1-000. 

Figure 6.- Photographs that illustrate flow -visualization techniques. 
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(c) 



(d) 

(c) Hemisphere -cylinder flare; phenolic nylon nose; 9 = 45 ° ; Rebo 

(d) Hemisphere -cylinder flare; nonahlating nose; 9 - 35 J ^ e oo,d = 

Figure 6.- Continued. 


d = 9000. 
9000. 
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(f) 

(e) Cone-cylinder flare; phenolic nylon nose; 9 = V? 0 ; Rebo,d = 1000. 

(f) Post -run condition of phenolic nylon flare; phenolic nylon, 

hemispherical nose; 9 = 45°; ^e ^ = 1000. 

Figure 6. Continued. 
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(g) 



(h) 

(g) Post -run condition of nonablating flare; nonablating, hemispherical nose; 

0 = 45°; Record. - 9 ,000 , 

(h) Base-flow model; nonablating nose; Q = 45°; Re^p = 29,000. 

Figure 6.- Continued. 
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(i) 



(i) Base-flow model; nonablating nose; Q = 4-5°; Re^ d = 3200. 

( j) Base-flow model; nonablating nose; 9 - 45°; Re^D = 3200. 

Figure 6.- Concluded. 
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(b) 


(a) Rebo.d = 9000 

(b) Re^ d = 1000 


Figure 7.- Post -run photographs of the hemisphere -cylinder -flare models with 

Delrin noses. 
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ON 

Experimental measurements 



(a) Re^ d = 9000 


Ref. 19 


Ref. 18 


Figure 8.- Boundary-layer velocity, displacement, and momentum thicknesses on the hemisphere -cylinder 

model. 



Experimental measurements 
O Bow shock, nonablating model 
□ Bow shock , ablating model 'j 
;||||| Edge of layer that contains [• F 
ablation gases J 

Theoretical results 

Nonablating model 

at x/d = 4.0, M e = 6.4 , Re e>d =230 


Phenolic nylon nose 




Figure 8.- Concluded. 






3.0 


2 . 5 - 
2.0 L 


Experimental measurements 
O Bow shock, nonablating model 

□ Bow shock , ablating model 

111 Edge of layer that contains 
ablation gases 
Theoretical results 

Nonablating model 

at x/d = 4.0, M e = 11.1 , Re e ,d = 9IOO 


► Phenolic nylon nose 



| Ref. 19 


Y Ref. 18 


(«0 Re oo,d = 9000 

Figure 9 *“ Boundary-layer velocity, displacement, and momentum thicknesses on the cone -cylinder model. 



Experimental measurements 
O Bow shock, nonablating model 

□ Bow shock, ablating model 'j 

g:j:j|§| Edge of layer that contains > Phenolic nylon nose 
ablation gases J 

Theoretical results 

Nonablating model 

at x/d=4.0, M e a 10.9, Re e>C | = l600 





(a) Re^ d = 9000 

Figure 10.- Effect of Reynolds number on the extent of laminar separation for the hemisphere -cylinder 

flare; 6 = ^5°; no ablation. 
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Figure 12.- Concluded. 










(a) e = 45° 


Figure 13.- Continued 




VJ1 


(e) 9 = 45° 


Figure 13 •- Concluded 










Figure 15 . - Concluded 








VJ1 

-4 


Figure 17#- Concluded. 
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Teflon 0.01 

Delrin .09 

Phenolic nylon .02 
No ablation, trips on cone 
No ablation, smooth cone 


Fluctuating pressures - 
Data points are average values 
measured by transducers 

AO Y" 
aO of a 

O 7n 


Flare-induced 
pressure rise 






No flare 


Reattachments 


Separation v 




(a) e = 35 ( 


Figure 18.- Ablation effects for the cone -cylinder flare; Re**, = 9000 

f u. 





Figure 19.- Comparison of surface roughness on some of the conical noses. 





8 No ablation, hemispherical nose 

No ablation, nose shape equivalent to 
final shape of the Delrin nose 
□ Delrin, initially a hemispherical nose 


Model exposed to test stream at time = 0 


Time, sec 


Example of the time history of surface pressure on the hemisphere-cylinder model 
at low Reynolds number; x/d = 1.71* 




Cylinder diameter = 3.8 1 cm 



Cylinder diameter 2 1.27cm 

(a) Photographs of oil flow. 

Figure 21.- Effect of support diameter on the extent of separation on the 
base model; Q - 45°; R®bo,D = 29,000. 
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